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Description 

This invention generally relates to a spectrophotometric method of quantitatively determining the concenti-ation of 
a dilute component in a light- or other radiation-scattering environment containing the dilute component in combination 
with a reference component of known concentration. 

In many fields of technology there is a need for quantitative determination of dilute component concentrations in 
environments where the dilute component is in combination with a reference component of known concentration. 
Examples of illustrative environments of such type include enzymes, proteins, and metabolites in corporeal fluids; acidic 
fumes or gaseous components (e.g., hydrogen sulfide and sulfuric add. nitric add, carbon monoxide, etc.) in the atmos- 
phere; salt concentrations In sea water unda'going desalination; ozone in ozone-enriched air utilized in waste water 
ozonation systems, etc. 

In particular, there has been a specific need in the medical and health care fields for a non-invasive, continuous, 
atraumatic, in vivo, in sjtu determination of amounts of critical metabolic indicators in body fluids or tissues of human 
patients. Exarrples of such body fluids include the blood and fluids associated with the lymphatic and neurological sys- 
tems of the body Further specific examples involving the human circulatory system indude the monitoring of glucose 
and of oxygenated/de-oxygenated, arterial/venous colored hemoglobin in the blood stream. In addition, monitoring in 
localized tissue, such as brain and muscle, of certain enzyme spedes such as the cytochrome c oxidase enzyme (unof- 
ficially better known as cytochrome 3,33) or metabolic substrates (such as glucose) or products (such as carbon diox- 
ide) is becoming an increasingly urgent practical application of spectrophotometric technology. 

Spectrophotometric methods have been proposed In the art to monitor metabolites in corporeal fluids. Such meth- 
ods involve the impingement of radiation, typically in the visible or near-infrared region, onto the exterior body portion 
of the subject for transdermal and interior tissue penetration of the radiation, which is monitored as to its reflectance or 
transmission, at a wavelength condition at which the metabolite or other monitored component is selectively absorptive 
for the radiation. This technique is mainly limited to yielding a qualitative determination from the measured output radi- 
ation (reflected or transmitted) of the qualitative character of the metabolism. At best a semi-quantitative result can be 
obtained in a so-called trend monitoring mode where concentration changes can be monitored In terms of an original 
baseline condition of unkown concentration. 

Solute concentrations in dilute fluid media can be theoretically quantified by the Beer-Lambert law. i.e.. 

log(lo/l)=dxExc 

wherein: 

Iq - intensity of source radiation impinged on the sample; 
I = intensity of radiation transmitted through the sample: 

E = absorption (extinction) coeffident of the solute spedes at the wavelength of the source radiation impinged on 
the sample; 

d = optical distance (travel pathlength of the radiation transmitted through the sample); and 
c = concentration of the solute (dilute component) in the solution sample. 

Although the foregoing Beer-Lambert Law equation pemnits a ready determination of solute concentration to be 
made in in jotia or other non-corporeal discrete sample systems utilized for conventional spectrophotometric assays, 
such direct, quantitative measurement is not possible in the intact body, even though the influent radiation is penetrative 
of the body elements of the corporeal system, e.g., bones, musculature, organs, and the like, since the scattering of 
radiation during its passage through the corporeal system is extensive and highly variable in character. Such scattering 
not only adds an unknown loss of radiation to the required information regarding specific absorption but by multiple 
scattering it also lengthens to an unknown degree the path length of those photons eventually emerging fbmi tiie body 
element. As a result it has not been possible to determine in an in vivo situation what the effective path length, d, of the 
impinged radiation actually is. prior to measurement of the transmitted or rrflected radiation derived therefrom. In con- 
sequence, tile alKolute quantitation of solute concentrations in corporeal systems has been severely adversely limited. 

Faced with the alternatives of invasive and traumatic sampling of the corporeal fluids of interest, or spectrophoto- 
metric methods which realize only qualitative or at best semi-quantitative measurement of changes in tissue or body 
fluid solute concentrations, there is a substantial perceived need in the art for a non-invasive, in yjvfimettiod.of quanti- 
tatively determining the concentration in corporeal solution of a solute in a body fluid, solvent: 

A similar need exists in numerous ottier fields in whichabsotute concentrations of dflute component species in fluid 
media: would materially assist the characterization of tiie fluid system: An example is atmospheric monitoring of "acid 
rain," i.e.-, airborne addic.contaminants^which have in recent years proliferated and been determined to cause wide- 
spread biospheric damage, including the defoliation of forest stocks and spdiation of natural bodies of water and other 
aqueous environments: It is.antidpated.that in coming years with the increasing severity of tiie add rain problem, cor- 
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respondingly greater scientific and legislative efforts will be focused on the rnonitoring of acid rain with a view to con- 
trolling and minimizing its adverse impacts. Determinations in the naturally existing medium such as turbid water and 
hazy or doudy atmosphere will be a great boon for direct, effective and rapid monitoring of these environments. 

In numerous other industrial and natural systems there is a need to quanitatively monitor solute species in an indi- 
rect manner not involving the time, effort, and cost of discrete sample collection, purification and analysis. 

U. S. Patent 4,281,645 to F. F Jobsis describes a spectrophotometric system for monitoring cellular oxidative 
metabolism by non-invasively measuring in viyo changes In the steady state oxidation-reduction of cellular cytochromes 
together with changes in blood volume, the oxidation state of hemoglobin and the rate of blood flow in the brain, heart, 
kidneys, other organs, limbs, or other parts of a human or animal body. 

The methodology described in the Jobsis patent involves transmitting near-infrared radiation in at least two different 
and periodically recurring wavelengths through the corporeal environment, and detecting and measuring the radiation 
intensity which emerges at another, distant point or on the opposite side of the body, for the nronitoring of biochemical 
reactions, utilizing an approximation of the Beer-Lambert law. One of such wavelengths selected for the measurement 
is in a range for which oxidized cytochrome a. as is selectively highly absorptive. One or more reference signals are pro- 
vided at con-esponding wavelengths outside the peak of the cytochrome absorption band but preferably in close prox- 
imity to the measuring wavelength. The difference or ratio between the measuring arid reference signals is determined 
and non-specific changes in the intensity of transmitted radiation not attributable to absorption by the cytochrome spe- 
cies are eliminated. Thus, the system of this patent produces an output signal representing the difference in or ratio of 
absorption of the measuring and reference wavelengths by the organ or other corporeal portion of the body as a func- 
tion of the state of the metabolic activity jnyiya which may be converted to a signal providing a substantially continuous 
measure of such activity. A related spectrophotometric reflectance technique is disclosed in U.S. Patent 4.223,680 to F. 
F. Jobsis. 

U. S. Patent 4,655,225 to C. Dahne et al discloses a spectrophotometric system for non-invasive detemiination of 
glucose concentration in body tissue. The system involves irradiation of the exterior body portion with an optical light 
whose transmittance or reflectance is collected at selected band wavelength values for the glucose absorption spec- 
trum and at a selected band wavelength value for the absorption spectrum of background tissue containing no or insig- 
nificant amounts of glucose. The measuring and reference radiation collected is then converted into electrical signals 
and utilized to determine glucose concentrations. 

The European patent application of Hundsgaard (No. 86108426.7, published 04 April 1987 as No. 0 210 417) dis- 
closes a method and apparatus for spectrophotometricaily determining the concentration of a deoxyhemoglobin and 
oxyhemoglobin, or parameters derived from the concentration of individual hemoglobin derivatives. The method com- 
prises transmitting visible light to the blood under test, determining the modification caused by the blood on the light at 
a number of different wavelengths, and determining the concentrations (or the derived parameters) on the basis of the 
light modification at the individual wavelengths and on the basis of predetemiined coefficients representing the light 
absorption characteristics of each of the hemoglobin derivatives at each of the wavelengths. 

It is an object of the present invention to provide an improved method and apparatus for indirectly quantitatively, 
spectrophotometricaily determining the amounts of a dilute component by using a reference component in the environ- 
ment of interest. 

It is another object of the invention to provide such a method for non-invasive, in vivo quantitative determination of 
the concentration of a dilute solute component in a corporeal solvent environment 

Other objects and advantages of the present invention will be more fully apparent from the ensuing disclosure and 
appended claims. 

The present invention relates to a method of determining the true concentration (e.g.. in terms of grams or moles 
of a dilute component per volume of a reference component) in environmental media in which the optical pathlength is 
ill-defined due to the extensive occurence of scattering of incident radiation, such as in very long distance atmospheric 
monitoring as well as in more intensely light scattering media during transillumination as well as diffuse reflectance 
modes of spectrophotometry. 

As used herein, the term "environment" refers to a selected spatial region In which the directed and measured radi- 
ation is transmitted and/or reflected along substantially the same path. 

The crux of the invention is to measure the transmitted and/or reflected radiation for both the dilute component of 
unknown concentration and the reference component of known concentration with which it is associated. Multiple scat- 
tering spoils the optical pathlength parameter in the Beer-Lambert equation and does so to different degrees depending 
on the wavelength. It Is, therefore, necessary to measure the dilute and reference components in closely the same 
spectral region. [Measuring the intensity of the light* absorption and/or reflectance by the two types of molecules, dilute 
component and reference component, in the environment and applying the- extinction coefficients: of each provides the 
opportunity to relate them to. one another in terms of relative amounts, which isTeoognized.as being the essential char- 
acter of concentration: Thus; by absorption (and/or reflectance) measurements'.and with* knowledge of the extinction 
coefficents, the amount of dilute component in the- light path and.the amount of reference component it Is associated 
with, determined similariy at other near-by wavelength(s), may be employed to calculate the concentration of the dilute 
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component relative to the reference component 

In a system in which the reference component is present in known concentration, the apparent pathlength may be 
determined by absorption measurements taken in the environment of unknown pathlength in the same electromagnetic 
spectral region. The difference between the resulting absorption values is calculated as the differential absorbance in 
the environment whose pathlength is to be determined. The tabulated or previously determined extinction coefficient 
values of the pure reference component at such wavelengths are then employed to calculate the differential extinction 
coefffident as the difference between the respective extinction coefficient values. When the differential absorbance is 
then divided by the differential extinction coefficient the result is the apparent effective pathlength of the environment. 
When the electromagnetic radiation emitter and detector spacing distance is measured, the pathlengthening factor for 
the system is determined as the ratio of the apparent effective pathlength to the actual emitter-to-detector spacing dis- 
tance. 

Thus, the present invention, in a first aspect, relates to a spectrophotometric method of quantitatively determining 
the concentration of at least a first dilute component in a body part containing the dilute component(s) of known identity 
but of unknown concentration comprising: 

(a) utilizing water as a reference component of known concentration, directing at said body part incident electro- 
magnetic radiation of a first wavelength in the near infrared range in a selected spectral region at which water exhib- 
its absorption for the electromagnetic radiation; 

(b) measuring the first wavelength radiation transmitted and/or reflected by the body part; 

(c) directing at the body part incident electromagnetic radiation of at least one other wavelength in the selected 
spectral region at which the dilute oomponent(s) exhibits absorption of different relative intensity or intensities than 
for the first wavelength incident radiation, wherein the number of wavelengths of incident radiation used is at least 
one more than the number of reference and dilute components; 

(d) measuring the other wavelengths of radiation transmitted and/or reflected by the body part; 

(e) utilizing extinction coefficient values for each component at said first and other wavelengths determined in cor- 
responding body parts; 

(f) deriving an equation for the absorption at each wavelength as a sum of the relative absorptions of each compo- 
nent at that wavelength plus scatter, thereby providing a matrix of equations which may be solved for the ooncen- 
tration of each component; 

(g) determining the apparent effective pathlength in said body part by dividing the absorption of the water by the . 
product of the known extinction coefficient for water times the known concentration of water; and 

(h) based on the apparent effective pathlength determined for the body part, and using the extinction coefficient val- 
ues for each dilute component at said first, and other wavelengths, and the measured absorbed and/or reflected 
radiation at sakj wavelengths, detern^ning the relative amount of the dilute component to the.amount of the refer- 
ence components, as the concentration of the dilute component in the body part, by dividing the absorption/reflec- 
tion of each component by the pathlength times the extinction coefficient for that component. 

In the above described aspect of the invention for quantitatively determining the concentration of the dilute compo- 
nent in the body part containing same in combination with water (of known concentration), the various radiation-direct- 
ing and measuring steps at the various selected wavelengths will be carried in a contemporaneous fashion to determine 
the dilute component concentration. It will be recognized, however, that in many systems of interest especially including 
corporeal environments, it may be desirable to establish the dilute component concentration by such contemporaneous 
radiation-directing and measurement steps, and that subsequent to such determination, it may be advantageous to 
monitor the system for a period of time, either at discreet intervals or on a continuous basis. 

Still another aspect of the invention relates to apparatus for spectrophotometrically quantitatively determining the 
concentration of at least a first dilute component in a body part containing the dilute component(8) of known identity but 
of unknown concentration, comprising: 

(a) means (14) for producing electromagnetic radiation of known wavelengths in the near infrared range and direct' 
ing said radiation into the body part to be characterized for the dilute component(s); 

(b) means (16) for detecting electromagnetic radiation emanating from and/or reflected from the body part and pro- 
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ducing therefrom an electrical signal corresponding thereto; 

(c) means (32) for receiving said electrical signal and producing therefrom electrical signals corresponding to said 
different wavelengths; 

5 

(d) a computation module (34) for receiving said electrical signals conesponding to said different wavelengths, 
establishing absorption equations responsive to said electrical signals con-esponding to said different wavelengths, 
wherein absorption at each of the wavelengths is expressed as a function of the relative intensities of the absorp- 
tion contributions of the dilute component(s) and water, and the concentrations of the dilute component(s) and 

10 water, and calculating the amounts of the dilute component(s) and water by solution of said absorption equations, 
each of said equations being defined as a sum of the relative absorption of each dilute component or water at the 
particular wavelength plus scatter; and 

(e) means for displaying the calculated concentrations of said dilute component(s) and water, wherein said appa- 
15 ratus is configured for 

(g) determining the apparent effective pathlength in said body part by dividing the absorption of the water by the 
product of the known extinction coefficient for water times the known concentration of water; and 

20 (h) based on the apparent effective pathlength determined for the body part, and using the extinction coefficient val- 
ues for each dilute component at said first, and ottier wavelengths, and the measured absorbed and/or reflected 
radiation at said wavelengths, determining the relative amount of the dilute component to the amount of the refer- 
ence components, as the concerrtration of the dilute component in the body part, by dividing the absorption/reflec- 
tion of each component by the patiilength times the extinction coefficient for that component. 

25 

In general, the number of wavelengttis employed for concentration determination of the dilute component(s) in the 
system will be equal to the mrrb& of absorbing ^ecies (i.e., the number of dilute component(s) and the reference 
component, water). If the environment exhibits a flat non-specific baseline for background scattering due to wavelength 
independent scattering, an additional one wavelength must be added, while if the baseline is linearly sloped an addi- 

30 tional two wavelengttis must be introduced, and if the scattering is non-linearly wavelength dependent a number of 
extra wavelengths will be required to correct for the curvature of the baseline, witii increasing wavelength determina- 
tions providing increased accuracy to the determined concentrations. 

In anotiier aspect of ttie invention, in instances where an absorption band, of the reference component is not 
present in the spectral region in which the selected dilute component (i.e., tiie dilute component whose concentration 

35 is desired) has its absorption spectra, but such spectral region contains a band of a second dilute component, and a 
relatively near near spectral region exists in which the reference component and the second dilute component exhibit 
absorption, the concentration of tiie second dilute component may be determined and used as a bridging reference for 
determination of the selected dilute component concentration by calibration of the selected dilute component against 
the second dilute component. 

40 Applications of the present invention extend to tiie entire field of analytical chemistry utilizing a specfrophotometric 
means to determine concentiBtlons in radiation scattering circumstances. Special attention shall be given in the follow- 
ing description to applications in tiie bio-medical field of non-invasive monitoring of metabolism. 

One of these bio-medical applications is the determination of the oxidation -reduction state of enzymes and the 
degree of oxygenation of the blood flowing ttirough actively metatxjlizing solid organs such as ttie brain, skeletal mus- 
45 cle, tiie liver, etc. An optical reflectance technique is used when such organs are too large for effective transillumination. 
Such measurements provide much needed diagnostic information on the adequacy of oxygen delivery and oxygen uti- 
lization to vital organs at any moment in time and on an on-going basis. 

A second preferred application using a transillumination mode is the measurement of hemoglobin content in blood 
by the quantitative determination of the hemogtobin and water content of tfie pulsatile increases in blood content of a 
50 finger or earlobe as it pulsates witii each heartibeat Measurements can similarly be made of other blood-borne constit- 
uents (e.g. glucose, lipids, cholesterol, carbon dioxide, etc.) that possess absorptive characteristics in- tiie invisible, 
infrared or other parts of the electromagnetic spectrum. 

Preferred embodiments of tiie invention are set out in claims 2-1 1 and 13-15 appended hereto. 
Figure 1 is a plot of the absorption spectrum of pure component water. 
55 Figure 2 is a plot of the absorption spectrum of water in an environment exhibiting a flat baseline. B, associated with * 
radiation scattering: 

Rgure 3 is a plot of the absorption spechB of water, hemoglobin, and oxyhemoglobin, with afirst baseline attribut- 
able to radiation scattering by the environment. 

Rgure 4 is a.plot of the absorption spectiB of water, hemoglobin; and oxyhemoglobin; with a.linearly sloped base- 
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line for wavelengtlHlependent radiation scattering in the environment. 

Rgure 5 is a plot of the al)sorption spectra of water, hemoglobin, and oxyhemoglobin, with a curved baseline evi- 
dencing wavelength-dependent radiation scattering in the environment. 

Rgure 6 is a plot of the absorption spectra of water, hemoglobin, oxyhemoglobin, and cytochrome a,23 over the 
near-infrared range of about 700 to about 1400 nanbrnetisrs, illustrating six wavelength values Ondicated by arrows) at 
which absorption measurements are taken in an illustrative system. 

Figure 7 is a schematic illustration of an apparatus system for in yjyo determination of absorbent species in a 
human finger using transmission. 

Figure 8 is a schennatic illustration of the reflectance mode used with apparatus of the same general type shown in 
Rgure 7, in a relatively denser body organ such as an adults head. 

The present invention not only remedies the shortcomings of prior art infrared monitoring techniques but more gen- 
erally provides a method to ascertain the concentration of a spectrophotometrically absorbing material under conditions 
where ttie pathlength of the light beam is unknown. This uncertainty exists in any light scattering medium, be It a liquid, 
a solid, or a gaseous mixture, in which multiple scattering lengthens the geometrically measurable optical pathlength. 
The present invention overcomes this problem of undefined pathlength In media which have light-absorbing properties 
of their own in the electromagnetic radiation spectral region of the wavelength range in which the material whose con- 
centration is to be determined is radiation absorptive. 

The Beer-Lambert law defines the basis of the spectrophotometric determinations of concentrations of radiation 
absorbing materials. It enphasizes that the absorption of light (or other radiation) depends on just two conditions: the 
efficiency of the molecules or atoms to absorb light and the number of such molecules or atoms in the light path. Two 
aspects should immediately be noted. The efficiency of radiation absorption varies at different wavelengths making it 
necessary to use a narrow "monochromatic" band of light and to state the efficiency with which the material absorbs 
that light. This parameter is called the extinction coefficient. The other aspect is the consequence that when tiie length 
of the light path through tiie selection or mixture is known, the only variable determining the number of molecules or 
atoms in the solution or mixture is the concentration. The entire field of quantitative analysis using bench-top spectro- 
photometers applies this fact by using spectrophotometric vessels ("cuvettes") of known pattilengtti dimensions. Of 
course, clear solutions or gas mixtures are required in such analysis to avoid lengthening of tiie optical pathlength by 
multiple light scattering. Scattering media are also avoided whenever possible because tiie light lost by scattering com- 
plicates the determination of light lost by absorption. Differential spectrophotometry has been developed to decrease 
errors due to mild scattering where light losses may occur but where patiilengthening is still a negligible factor. This 
technique employs eitiier two closely spaced monochromatic wavelengths wrtii different absorption coefficients, or two 
sanples with equal light-scattering properties but one lacking tiie absorbing material to be determined. It should be 
emphasized tiiat tiiese two well-known approaches to differential spectrophotometry can not. and do not, correct for 
optical pathlengthening by scattering. 

The Beer-Lambert law for solutions states that the logarithm of tiie fraction of the light absorbed by the dissolved 
material (the solute) equals tiie molar extinction coefficient (E) of the solute times the concentration (c) times the path- 
length (d): or, as rewrrtten to determine an urtoown concentration: 



The quantity log y\ is called the Absorbance (formerly the Optical Density). In these equations Iq is tiie original 
intensity of tiie light without an absorbing species and I the intensity after the beam has traversed the solution. In prac- 
tice the intensity 1^ is defined as tiie light falling on the detector of the spectrophotometer after it has traversed a cuvette 
containing pure solvent. The signal thus obtained is designated lo and the signal obtained with an identical cuvette con- 
taining the solution of unknown concentration is designated i. 

The extinction coefficient is standardly given In the form of tiie amount of absorption produced over a 1 cm path- 
lengtti by a 1 molar solution (one molecular weight of solute contained in one liter of solution). Values for molar extinc- 
tion coefficients are commonly available in published tables and are usually given for wavelengths of maximal 
absorption. 

Transillumination of a material with intense light-scattering properties results in a significant fraction of photons fall- 
ing on the detector having had a tortuous pathway that increased tiie distance traversed beyond tiie direct geometi^ic 
length of the sample. In tiie most extreme mode, viz., reflectance spectrophotmetry. absorbance spectra are taken utir 
lizing the photons: scattered. out' of the sample^ either obliquely (typically 90** angle obsen^ation) or back-scattered 
(same surface observation). Not only is tiie patiilength ttien unknown it is undefined especially in ttie case of same sur- 
face observations; The mean depth of penetration before back scattering occurs is difficult or impossible to determine. 
In eitiier case the effective pattilengtii is unknown and concentrations can not be determined by tiie Beer-Lambert law. 

The present invention substitutes a totally new approach to determine concentrations in various media - solutions^. 
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gas mixtures, and solids - an approach not predicated on pathlength but on simultaneous measurement of the amount 
of medium traversed. In solutions this method provides therefore a statement concerning the amount of solvent encoun- 
tered. From this parameter and the strength of absorption by the solute, the concentration of the solution can be. 
derived. A prerequisite is that the absorption bands occur at relatively closely-spaced wavelengths, scattering being 
wavelength dependent, especially in the visible and ultraviolet wavelengths regions of the spectrum. 

Figure 1 shows the absorption spectrum of pure component water over a selected spectral region in the wavelength 
range of approximately 900-1 100 nanometers. In a non-scattering environment containing only the reference compo- 
nent the concentration of that component can be determined if the pathlength is known as is done in routine benchtop 
spectrophotometry. Conversely, if the concentration is known but the pathlength unknown the latter can be calculated 
instead, as should be dear from inspection of the Beer-Lambert law. 

The absorbing component of Rgure 1 can be either an indicator or the solvent itself. For ease of understanding it 
is instructive to consider the absorbing component to be an indicator. Such indicator must be present in known concen- 
tration. If an appropriate Indicator component is lacking in the spectral range of the experiment, a suitable indicator 
which is absorptive in the spectral range of interest can be added to the solution at a known concentration. What also 
must be known is the molar extinction coefficient of the indicator per centimeter pathlength at the measuring wave- 
length. Intensity of the measured absorption peak then incficates the length of the optical path. This indicator technique, 
although useful in bench top spectrophotometry, does clearly not lend itself well to jn yjyo monitoring. In that situation, 
however, the ubiquitous presence of water in biological tissues makes water the indicator of choice, just as in atmos- 
pheric applications nitrogen gas can fill this need. 

It is relevant to point out that it is possible to express water in terms of its own concentration, which then provides 
a case formally identical to the indicator case above. Concentrations are often expressed either in grams per liter but 
more sfringently in terms of molarity, i.e., moles per liter of solution which means 

gra"^ oer liter 

molecular weight P®^ "®*^- 



Since the weight of a liter of water is 1000 grams and its molecular weight is 18, pure water exists in the form of of 
1000/18 = 55.6 molar "solution." Thus water is an indicator present at known concentration. However, in terms of the 
present discussion it is clarifying to note, for the special case of water or any other spectrophotometrically measurable 
solvent, that if it is known that a 1 cm cuvette filled with pure water shows an Absortiance of say 0.50 at a given wave- 
length, then an Absorbance value of 6.00 found at that same wavelength over an unknown pathlength shows that that 
pathlength must have been 1 2 cm. 

In this discussion, it may also be noted that the solute molecules do displace water molecules to a certain extent, 
lowering thereby its concentration in the solution as compared to its own concentration in pure water. This effect is, how- 
ever, very small for the dilute solutions encountered in most situations. For example, the most concentrated salt com- 
ponent of blood (NaCl) produces a less than 2.6 ml increase in volume when dissolved in a liter of water. Therefore, the 
water content of the resulting "physiological salt solution" is decreased by less than 0.26%. The errors thus created are 
far smaller than many uncertainties inherent in this or any other spectrophotometric methodology. 

The parallel argument for the macro-molecular and so-called "formed" components of tissues, however, is best 
reduced to ternis of water content Typically, for soft tissues the water content is 85% percent A correction of about 1 5 
to 20% is significant and could be applied in such cases. In that case the determined concentrations would.be in terms 
of total tissue mass. This may. however, not be preferable to an expression in terms of total tissue water which would 
result if the 15 to 20% con-ection is not applied. It might be noted here that an Identical approach is applicable to the 
analysis of gaseous mixtures that exhibit light scattering, i.e. such as haze, steam, or clouds. For many atmospheric 
applications, nitrogen gas can serve as the reference component at known concentration, i.e., approximately 79%. Alti- 
tude or changes in barometric pressure do not decrease its usefulness since the Ng percentage will remain the same 
and a contaminant can still be determined in terms of percent, per mil or parts per million. 

The above examples, referring.to Rgure 1. are based on totally clear, i.e.. non-scattering, solutions or mixtures 
allowing a single wavelength approach. When scattering occurs, we must correct for light losses not related to absorp- 
tion and for pathlengthening due to multiple scattering. When several components produce overlapping absorption 
spectra.this adds to their complexity. In the following four cases, light scattering.and absorption situations of increasing 
complexity will be anaylzed. 

In Rgure 2 the case for wavelength independent scattering is illustrated. Light loss, equal throughout the relevant 
range, of the spectmm; creates a. "baseline shifT (identified by line' B in Rgure 2) which adds to the spectrum of the 
material to be determined (water in this example). A two wavelength differential approach is now indicated as the first, 
minimal.step.to cope with the problem; It amounts-to.subtracting signals at two wavelengths (X^ and h^) thereby elimi- 
nating the light lost by scattering: 

For the spectrum of waterin therwavelength range of 900-1 1 00 nanometers, the extinction coefficients of water at 
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two points along the wavelength range, e.g., at 980 and 1 100 nanometers may be readily determined or obtained from 
.tabulated values for the pure water component The difference in the observed Absorbance values at these respective 
wavelengths Is a measure of either the amount.of water encountered by the photon stream along their optical path, or 
in the case of a dilute solution (i.e., a solution in which the water concentration remains approximately 55.6 molar) a 
measure of the pathlength. TVierefore, if the actual differentia! Absorbance. i.e., the difference in absorption values at 
the wavelength values of 980 and 1 100. nanometers is determined, the effective pathlengtii of the test system can be 
derived by dividing the measured differential absorbance by the differential absorbance value between 980 and 1 100 
nanometers for 1 cm of water. 

For example, Rgure 2 shows the absorption spectrum for water (curve A), over the spectral range of from about 
900 to about 1 100 nanometers, with a flat baseline attributable to environmental scattering (baseline B). The plot shows 
the peak of the absorption spectrum for water (curve A) at a first wavelength, , and a trough in the spectrum at a sec- 
ond wavelength Xg. The difference in absorption for water at the respective and X2 values is indicated by the quantity 
Ai - Ag, as the differential absorption in an environment exhibiting background scatter producing a flat baseline. TTie 
practice of subfa-acting absorption signals at adjacent wavelength values in this manner, where the known component 
differs significantiy in its absorbance at tiie respective wavelengths, amounts to subtracting an existing wavelength- 
independent baseline of loss by scattering. The Intensity of the remaining A^ •A2 value provides a measure of the effec* 
tive pathlength. What has not yet been discussed is the determination of the concentration of other absorbing compo- 
nents dissolved in the water and their effect on the water measurement. 

Rgure 3 shows absorption spectra for water (curve A), oxyhemoglobin (curve C), and de-oxyhemoglobin (curve D). 
against a flat baseline (curve B) associated with scattering losses in the system. The derivation of the effective path- 
length through tiie sample in the Figure 3 system is more complex since other absorption curves occur in the spectral 
range needed to determine the amount of tiie "known" or "reference" material O e., water). For three absorbing species 
(water, hemoglobin, and oxyhemoglobin), a minimum of three wavelengths is required so that three absorbance equa- 
tions or "algorithms" can be established and solved for tiie unknowns, i.e., the contributions of the three absorber spe- 
cies. If a flat non-specific baseline exists (due to wavelength-independent scattering, as shown), a fourth wavelength 
must be added, to yield four equations to solve for the four unknown contributions. Solution of tiiese four equations pro- 
vides information on tiie amount of each material encountered. The known concentration of water (55.6 Molar) provides 
the opportunity to calculate tiie patiilength ttiat must have been traversed and thereby enables the calculation of the 
concentration of tiie other components. In simplified terms, tiiis can also be done by calculating tiie apparent effective 
patfilength from the water signal and deriving the concentration of the solute(s) in tills manner, 

A similar type of complexity is produced by scattering that varies In intensity as a function of wavelength over tiie 
spectral region conskiered. Rgure 4 is a plot of absorption spectra for water (curve A), oxyhemoglobin (curve C), and 
de-oxyhemoglobin (curve D), against a linear, sloped baseline (cuive B). In absorption systems of this type, a fifth wave- 
length must be introduced in the absorbance relationships to determine tiie degree of steepness of the slope. 

In systems of ttie type shown in Figure 5, wherein the water, oxyhemoglobin, de-oxyhemoglobin. and baseline 
curves are denoted by the letters A, C. D. and B respectively, and wherein the baseline indicates scattering of a curvir 
linear wavelength-dependent character, a number of extra wavelengtiis will be required to correct for the curvature of 
the baseline. The higher the degree of accuracy required for the calculated concentrations, tiie greater the number of 
wavelength determinations that must be employed. 

The mettiod of the present invention has particular applicability to tiie determination of concentrations of blood 
components, such as tiie aforementioned hemoglobin and oxyhemoglobin, in body extremities where transillumination 
is enployed, I.e.. a source of radiation is impinged on the body part and collected at another exterior region.of such 
body part. This mettiodology Is applicable to body parts such as fingers, toes, eariobes, and other organs up to and 
including infants' heads. Alternatively, reflectance spectrophotometry may be employed in portions of the body where 
transillumination is impractical due to tiie mass and optical density of tiie body part involved, e.g., the adult head, lungs, 
kkineys. etc. 

The spectra of water (curve 1), hemoglobin {curve 2), and oxyhemoglobin (curve 3) are shown in Rgure 6 in ttie 
near infrared spectrum, over the range from about 700 to 1400 nanometers. In addition, the absorption cun^e of cyto- 
chrome §,33 is illusti^ed for later discussion. These specbB were obtained by bench-top spectraphotometry using tran- 
sillumination. The water spectrum is a so-called absolute spectrum, i.e.. obtained from a cuvette full of water using an 
enpty cuvette as a "blank" to determine Iq at each wave lengtii. The other spectra are of the hemoglobin and oxyhemo- 
globin compounds each dissolved in watery solution against a water blank. 

In order to make spectrophotometric determinations of the amount of a particular molecular spedes in a material 
or body organ of unknown volume and/or unknown optical pathlength, tiie minimum number of wavelengths required 
equals the number of absorbing molecular species plus scatter. Additional wavelengths may be required if the geometry 
of the input and collection of the photons in the.system being measured is complex, or varies from case to case; or if 
the wavelength dependence of scatlering,adds:significantiy differenfly at the.two extremes of tiie spectra! range used. 
In the following examples increasing levels of complexity will be used as illustrations. 

For tiie sake of simplicity, the first example is restricted to two dilute components of unknown concentration: hemo- 
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globin (Hb; also known as de-oxyhemog!obin) and oxyhemoglobin (HbOa). The environment to be analyzed for these 
dilute components will be a small body organ (from the size of a finger tip to a baby's head) and the constant media 
absorber, or "reference component", of known concentration in this example is water. The nrwde of observation is tran- 
sillumination, with radiation input and collection (detection) points diametrically across the finger or head. When the 

5 absorption curves do not overlap, a four wavelength method can be practical with the tacit Implication that the "scatter- 
ing baseline" is flatj.e. that for the accuracy required the scattering can be considered wavelength Independent. 

In Figure 6, the relative absorption contributions by water and the two hemoglobin species are shown which 
approximate the normal relative contributions of these three absorbers in the human head. Similarly, the cytochrome 
g,33 contn'bution to the brain absorption is shown in approximate scale (with the oxidized cytochrome g^a^ spectrum 

10 shown as curve 4, and the corresponding reduced enzyme spectrum shown as curve 4a), but it should be noted that in 
the tissues of the finger only a negligible concentration of this enzyme is present. 

•Considering now the 900 to 1400 nm region of the near infrared spectral range, it is noted that the contributions of 
hemoglobin become negligible beyond 1 150 nm approximately. Thus, the effective optical pathlength through a very 
small body part such as a finger can be determined by measuring at the trough, at 1270 nm, and at either adjacent 

15 peaK i.e. at approximately 1200 or 1400 nm. By subtracting the Absortsance values at the two wavelengths from each 
other, the differential absorption value is found. When such differential absorption value is divided by the differential 
absorption (extinction) coefficient for 1 cm of water, the apparent effective pathlength is determined. Assuming an 
equally flat scattering effect in the adjacent 700 to 900 nm region and with the knowledge that the finger tissues do not 
contain a measurable amount of cytochrome 3,33 or other species absorbing in this range, It is possible to calculate the 

20 exact amounts of the two hemoglobins by transilluminating with any two wavelengths in the 700 to 900 nm range and 
using the pathlengthening factor established above. 

This most simple case Is often complicated by a number of factors. In the case of transillumination of a baby's head, 
for example, the thickness of the baby's head, makes it impractical to use a wavelength such as 1400 nm at which the 
intensity of the water absorption results in so much light loss that the remaining signal becomes difficult to detect. In this 

25 case four wavelengths are chosen in the 900 to 1 1 00 nm range and the absorption intensities are measured. From pre- 
vious experiments the contributions to the extinction by each absoibing species plus that by the light scattering have 
been established using approximate models. Best suited for the latter are the corresponding body parts from corpses 
or appropriate animal models. These may be perfused alternately with hemoglobin-free solution, with oxygen-free blood 
(for the Hb contribution), and with fully oxygenated blood (for the HbOa contribution). In the last case a small amount of 

30 a poison such as cyanide, that inhibits O2 utilization by the tissue, is added to ensure that the blood remains oxygenated 
during the observation. 

The individual contributions of the three absorbing species and the scattering to the light losses (absorption) in the 
irradiated environment are then summed at each of the four wavelengths to derive the total absorption equations 
(referred to herein as "modified Beer-Lambert equations") at each wavelength. These equations take a form as shown 
35 below for the 980 nm wavelength: 

AbSgeo = X Hb + Y HbOg + z H2O + Scatter. 

wherein AbSggo is the Absorbance by the irradiated system of the incident radiation of wavelength 980 nm; Hb, HbOg, 
40 and H2O are the concentrations of hemoglobin, oxyhemoglobin, and water in the irradiated system; and the factors x, 
y, and z express the relative intensities of the absorption contributions of the associated components. The scattering 
term ("Scatterl has the factor 1 , i.e., its contribution has been normalized. The four wavelengths are chosen so that the 
three factors x, y, and z will show a considerable range of values. For example, a choice of 940. 980, 1030, and 1070 
nm produces a good variation in relative values of the HgO, Hb, and Hb02 contributions. 
45 From this information algorithms are derived by matrix solution of the four unknowns (three absorbing component 
concentrations and the scattering losses) in the four equations. These resulting algorithms take the form 

Hb = a Abs + b Abs + c Abs 1060 + <^ ^ 1 100- 

so wherein the values of the constants a. b, c, and d are numerically determined, yielding an expression for the amount of ■ 
hemoglobin in the system. Similar expressions for HbOg and HgO are also obtained. The scattering contribution is not 
calculated for the algorithms since it is irrelevant to the analytical assessment: The constants a. b. c. etc. can be positive 
or negative or larger or smaller than unity. 

The above described methodology applicable to hemoglobin and oxyhemoglobin concentrations, may be general- 

55 ized and broadly stated as. a spectrophotometric method for quantitatively determining, the concentration of a dilute, 
conponent in an environment containing the dilute component of known identity but of unknown-concentration in com- 
bination with a reference component of known concentration, in which the following steps are canied out: 

(a) directing atthefenvironmem incident electromagnetic radiation at a number of wavelengths in a sele^ 
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tral region at which the dilute and/or reference connponents exhibit absorption for the electromagnetic radiation, the 
number of such wavelengths being determined by the number of dilute and reference components in the environ- 
ment and the scattering characteristics of the environment; 

(b) determining the absorbance by the environment of the electromagnetic radiation at the various wavelengths and 
the relative intensities of tiie absorption contributions of tiie dilute and reference components and scattering losses 
from the environment at each of such wavelengths; 

(c) at each of the aforementioned wavelengths, establishing absorption equations of the form: 

n 

Abs^ = ^XjA, + 2R + S 
i=1 



wherein: Abs^ is the absorbance by the environment, containing the dilute and reference components, of the inci- 
dent electromagnetic radiation of wavelength w; x,- is the relative intensity of the absorption contribution of the asso- 
ciated dilute oonponent A,, and wherein terms of the fbrni XjAj are set forth for each of the dilute components; n is 
the number of dilute components; z is the relative intensity of the absorption contribution of the reference compo- 
nent; R is the concentration of the reference component; and S is the nonnalized scattering of tiie environment at 
wavelength w, thereby establishing for each of tiie aforementioned wavelengths an absorbance equation, to yield 
a set of simultaneous equations whose number equals the number of dilute and reference components and the 
number of wavelengths required to characterize tiie scattering of the environment; 

(d) deriving algorithms by matrix solution of the aforementioned simultaneous equations, such algorithms being of 
the form: 



[c] = XaiAbs^,. 



wherein: [c] is the concentration of the specific dilute or reference component; ai is a determined numerical con- 
stant; m is the number of wavelength determinations; and 

is the absorbance at wavelength w; tiiereby establishing the concentration of each of the dilute and reference com- 
ponents in tiie environment. 

In the previously described specific example of determining hemoglobin and oxyhemoglobin concentrations, ttie 
H2O signal can be used to provide the patiilengthening factor for concenfration calculations. In this mariner the amount 
of Hb and Hb2 can be converted into concertrations in terms of grams per liter. It should be emphasized that this term 
although a true concentration term refers to an inhomogeneous disperse system. Not only is the hemoglobin contained 
separately in tiie red blood cells, the observed water comprises not only the water in the blood plasma but also tiie 
water in the cells and lymph spaces. Thus, the concentration units are not directly comparable to the usual ones (grams 
per 100 mO used clinically for Wood. The latter units can be obtained, however, if we consider only the extra amount of 
blood that swells the finger with each heartbeat. This pulsatile signal is used for example in the well-known technique 
of pulse oximetry 

In pulse oximetry, tiie color of the exti-a blood that swells tiie finger witii each pulse is determined, i.e., the relative 
amounts of Hb and Hb02, thus providing a measure of the degree of oxygen saturation of tiie blood. This technique 
does not provide infornnation on the total amount of hemoglobin in the blood. Adding a measure of the increase of water 
with each pulse can be accomplished by using an H2O absorption signal to measure each pulsatile increase in blood 
volume in the finger. In tiiis way the actual hemoglobin concentration in the Wood can be calculated. Tiie value-of this, 
number is general, and not limited to tiie specific organ (such as the finger) from which it was.derived. The hemoglobin 
content thus determined provides important diagnostic Information for such conditions as anemia or polycythemia: In- 
addition, tiie hemoglobin content is required to determine the actual oxygen content of the blood since most of it is.car- 
ried combined with hemoglobin in tiie form of oxyhemoglobin: With the hemoglobin content fcnown and the percent of • 
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02-saturatlon of the hemoglobin obtained by standard oximetry the much more significant 02-content parameter can 
be calculated quite simply 

In other organs of larger diameter, e.g. the head, limb musculature, etc., transillumination can be performed as long 
as the thickness of the tissue does not preclude the acquisition of an Instrumentally useful signal after the transmitted 
radiation has passed through the tissue. In this respect it is to be noted that one cm of water absorbs approximately 
83% of the 1400 nm near infrared radiation beamed throught it. Transillumination of an infant's head of 5 cm diameter 
would show an extinction of approximately 99.97% of the Incident near infrared photons by absorption alone. In turbid 
samples, however, this loss can be increased and overshadowed by losses due to scattering away from the detector 
and by additional absorption attributable to pathlengthening produced by the multiple scattering aicountered by the 
photons eventually arriving at the detector. Although these light losses are very severe, useful signals have still been 
derived in such situations. The above example is. however, the limit of the present transillumination technique applied 
to human organs and body parts. 

For application to larger solid organs, a reflectance mode must be employed in lieu of transillumination. As an 
example of the reflectance mode in application to the adult human head, light may suitably be entered at a first location 
on the forehead and collected at a second location on the forehead several centimeters distant from the first location, 
the collected photons having traversed scalp and skull and interacted with the cortical l^ers of the brain before being 
scattered out again. In this reflectance mode the crucial need of the present invention is especially cleariy illustrated. 

Cerebral content of Hb and Hb02 determined by reflectance measurements of radiation intensity can then be ref- 
erenced to the total water observed, providing a measure of the amount of blood in the brain related to the amount of 
water encountered by the photon stream from the entry to the collecting points. The blood in the brain is highly com- 
partmentalized in the erythrocites (red blood celts) which are. of course, located in the vascular space. The measured 
quantities are, howwer, referred to the total water content, which is present notably in the Wood, the brain cell, and the 
meningial spaces, and also to a smaller extent in the bones and skin. The detenmined concentration therefore is 
expressed as amounts of Hb (or Hb02) per amount of total "head water" or "tissue water." Most but not neariy all of this 
tissue water will have been that of the brain and is quite comparable to the water content of other soft tissues. Although 
this unusual expression appears at first somewhat awkward, in the context of the method of analysis of the present 
invention it takes on a significance of its own. It should be noted that total water content of tissue and of the brain espe- 
cially is a quite constant fraction of the total weight and thus such water fulfills the requirement for a spectroscopic "ref- 
erence component". It should be noted parenthetically that in cases of edema a shift of water from blood and 
lymphspaces into the cells takes place. In the brain, due to the nonelastic nature of the cranium which fonns a pratically 
dosed system, cerebral edema leads to increased intracranial pressure and consequently a forcing out of meningeal 
fluid and blood. However total intracranial water content remains the same. Incidentally, the loss of hemoglobin com- 
pared to the total water signal constitutes an excellent noninvasive indication of intracranial pressure build-up. a poten- 
tially fatal affliction. 

In the preceding example, absorption by the main oxygen utilizing exzyme cytochrome c oxidase ("cytochrome 
a.a3" or cyt a-aa") was ignored. In view of this enzyme's relatively small contribution to the overall spectrum the resulting 
error produced in the hemoglobin data Is negligible, in the event, however, that cyt 3,33 information is desired, two more 
appropriately spaced wavelengths are required, one in the 825 nm region and the other in the 865 nm region. Although 
a water band does not exist in that exact region the 980 nm peak is relatively near, and hemoglobin which absori3S in 
both regions can be used as a bridging reference to detennine ttie enzyme concentration. 

Before describing the apparatus that can be utilized to make the measurements refered to above, three caveats 
should be added to the general principles used in the above example. 

The first is the fact that a narrow banded, i.e., relatively monochromatic, light source is an important advantage in 
constructing incisive algorithms. It is quite dear from Fig. 6 that a photon source providing a narow band of light, say 
5 nm width, will produce much less overlap between absorption characteristics than a broad one, say with a 50 nm 
spread of wavelengths among its photons. 

The second caveat follows directly from the first. When new light sources are used, differing even slightly in center 
wavelength or in bandvindtti, new algorithms must be constructed 

The third caveat is that the practice of the present invention depends strongly on the development of either a means 
of translating the results in terms of accepted standards, such as spectrophotometric data in dear solutions, or on the 
de novQ development of an extensive data base where aaepted standards are not relevant, i.e., in heterogeneous sys- 
tems such as the brain. 

The apparatus system required to make the determination to practice the present invention may suitably comprise 
the following component systems: 

(a) means for producing light of varying wavelengths to enter into the tissue or tsody part to be. characterized for 
dilute components; 

(b) means for detecting light emanating from or reflected from the body part: 
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c) means for separating amplifying and othenwise treating the signals obtained from the light source(s) at different 
wavelengths; 

d) means for calculating the amounts of the absorbing species, using the algorithms derived for these light sources; 
and 

e) means for displaying the results in dimensions of concentrations (i.a, amounts per amount of water or other ref- 
erence component) or in fractional quantities (such as amount of dilute component in relation to the amount of a 
reference component other than water in the body part to be measured for determination of the dilute component 
of unknown concentration). 

Figure 7 is a schematic diagram of a spectrophotmetric system for quantitatively determining the concentration of 
blood dilute components in a human finger with reference to water contained in the finger. 

As previously alluded to. the amount of water encountered by the photons in a body part must be established first. 
This can be done either by measurements in the spectral range in which water is praticaily the only absoring species or 
by multiwavelength differential spectrophotometry if other absorbing species are present In the human finger water 
may best be determined by suitable spectrophotometric determinations on fingers of corpses. If such measurements 
must be made in a region of absorption band overlap with hemoglobin the blood must be replaced by a suitable non- 
absorbing scattering fluid to mimick the scattering by the red blood cells. Examples of suitable scattering fluids include 
fluorocarbon blood substitute solutions, calcium carbonate su^ensions in saline solution, etc. In such Tjloodless" sys- 
tems, the spectrophotometric characteristics of the corpse fingers may be determined against pure water as a refer- 
ence standard, to determine the apparent effective optical pathlength for radiation in a givai spectral region, as passed 
through the finger to effect transillumination thereof. By numerous determinations of such type, a database of optical 
lengths for various types of human f ingers (e.g.. baby, adolescent, adult; Black. Caucasian. Oriental; etc.) may be devel- 
oped. In this respect, it is to be noted that melanin is a pigmentation species which is present in varying degrees 
depending on the race and origins of the human subject It in some instances may be desirable to treat melanin or other 
pigmentation-related agents as additional absorbing species in the system and to add further radiation-directing and 
measurement steps of additional wavelength(s) in detennining the concentration of the desired dilute corrponent in the 
corporeal system under study. Alternatively, routines for data acquisition and alogrithms calculation can be incorporated 
as software in a microprocessor-based system to provide a set of algorithms appropriate for a given patient at the start 
of a monitoring period. 

Subsequently, the finger of a human test subject may be transilluminated using radiation at various wavelength val- 
ues, the number of which correspond to the degree of accuracy required in the concentration to be determined for the 
dilute component of interest. The number of wavelengths at which measurements are made depends, as previously dis- 
cussed, on the number of absorber species in the system (reference conponent and dilute component(s)) and the 
wavelength dependent character of the baseline indicative of scattering losses in the environment being transillumi- 
nated or inadiated for reflectance measurements. 

From the various absoibance and/or reflectance measurements at the selected wavelengths, a series of simulta- 
neous equations of the type previously discussed are established. After solution by matrix algebra, algorithms are con- 
structed in which the concentration is expressed as the sunrunation of individual absort}ance values determined at a 
given wavelength multiplied by a dimensionless coefficient. Once having determined the amount of the dilute unknown 
present in the sample (i.e., body organ) this can be ratioed against the water signal to obtain a value In terms of con- 
centration in the total water of the organ. 

In another embodiment total background subtraction can be used to obtain only the increases in blood in a pulsat- 
ing organ or body part such as the finger, to achieve determination of the concentration in the blood of such blood-borne 
species, e.g., hemoglobin; waste products such as ammonia, urea, creatinine, and carbon dioxide; substrates and 
metabolites such as glucose, lipids, and cholesterol; poisons such as carbon monoxide, cyanide, and arsenic; etc. 

As applied to the apparatus shown in Figure 7, the finger 10 has mounted thereon two "optrode" assemblies 12. 
comprising a source optrode 14 and a collection optrode 16. TTie direction of transillumination is imnraterial: a path 
through the finger nail may be preferable in certain instances. 

The source optrode 14 is connected via optical fiber cable 16 to a light source 18, which in this illustrative embod- 
iment comprises multiple solid state lasers energized by power supply 20 via power supply f eedllne 22. The laser 
source- 18 emits electromagnetic radiations in the near infrared region, each of a monochromatic character, which are 
transmitted by the fiber optic cable 16 to the optrode 14 for impingement on the associated surface of finger 10. and 
transillumination thereof: 

The resulting transmitted electromagnetic: radiation Is collected by the detector optrode 16 and passed via fiber 
opticcable 24 to an-appropriate transducer 26 which in this illustrative embodiment-comprises a photomultiplier tube- 
energized by high voltage power supply 28 via power supply feedline 30, The sensed transilluminated signal passing 
from optical fiber cable 24to the photomultiplier tube is amplified therein and passed by signal transfer means 32.to the 
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signal processing module 34. In the event that a low voltage powered, "solid state" detector of small size is eir^loyed, 
the detector can be Incorporated in tie detector optrode. Fiber optic cable 24 is then replaced by an eleclrical cable 
directly to the subject. 

As shown, the fiber optic cable 1 6 contains a small separate bundle branch line 36 which transmits a fraction of the 
monochromatic light from laser source 18 which is directly scattered back by the skin. It is coupled by cable branch line 
36 to a photodiode 38. which transmits an electrical signal in signal wire 40 to the calculation module 34. which may for 
example comprise a digital electronic computer or may comprise a dedicated microprocessor unit or units. 

In the conputation module 34, the electrical signals transmitted by the photodiode 38 and photomultiplier tube 26 
are stored, providing a measure off the incident and detected radiation rntensrtles. together with stored or calculated sys- 
tems parameters. From these variables and pre-programmed algorithms, or by the aforementioned simultaneous 
absofbance equations established and solved by matrix solution to yield these algorithms "on line", the concentration(s) 
of the selected dilute component(s) are calculated and expressed as amounts of such component related to amounts 
of water or other reference component in the finger system. 

In the preferred application of the invention to physiological systems, the successive radiation-directing and meas- 
urement steps must be earned out In periods substantially much briefer than the metabolic reaction kinetics of the cor- 
poreal environment 

The computation module may continuously provide such concentration data as output through devices 34a com- 
prising suitable meters and/or stripchart recorders, and the like, and store the output concentration data for later access 
by digital disc recording or similar storage means assodated with the computation module. 

Figure 8 shows a schematic depiction of a system whose components correspond to those shown in Rgure 7. with 
the exception of the optrodes 114 and 116, which are an^nged for reflectance mode spectrophotometry at spaced- 
apart regions of the forehead of a human subject 1 10. All other system elements shown in Figure 8 system elements 
are numbered Wentically to their Rgure 7 counterparts, but with addition of 1 00 to the reference numerals used In Fig- 
ure 7. 

In the Rgure 8 system. Incident electromagnetic radiation is emitted from optrode 1 14 and provides photons capa- 
ble of penetrating both ttie skin and bone layer as well as the gray matter and white matter of the subject's head. Those 
photons which are reflected to the optrode 1 1 6 are sensed and tiie resulting detection signal is transmitted by fiber optic 
cable 124 to tiie photodetection and calculation module components, as previously described in connection with Rgure 
7. 

Although the invention has been described with primary reference to the detection and determination of concentra- 
tions of dilute components such as tissue components and blood-borne species in body parts (whole tissueAwhole 
organ environments) such as fingers, hands, toes, feet, earlobes, heads, and the like, using near infrared radiation, it 
will be apparent that the applicabiity of the invention is not so limited. The method of tiie invention may be applied to the 
determination of any dilute component in an environment containing a reference component of known concentration 
and in any range of the electromagnetic spectrum in which spectrophotometric absoriDance techniques can be prac- 
ticed. 

Claims 

1 . A spectrophotometric metiiod of quantitatively determining tiie concentration of at least a first dilute component in 
a body part containing the dilute component or components of known identity but of unknown concentration com- 
prising: 

(a) utilizing water as a reference component of known concentration, directing at said body part incident elec- 
fromagnetic radiation of a first wavelength in the near infrared range in a selected spectral region at which 
water exhibits absorption of the electromagnetic radiation; 

(b) measuring the first wavelengtii radiation transmitted and/or reflected by the body part; 

(c) directing at the body part incident elecfromagnetic radiation of at least one other wavelength in the selected 
specfral region at which the dilute component or conrponents exhibits absorption of different relative intensity 
or intensities tiian for the first wavelength incident radiation, wherein tiie number of wavelengths of incident 
radiation used is at least one more than the number of reference and dilute components; 

(d) measuring4he other wavelengths of radiation fransmrtted and/or reflected by the body part; 

(e) utilizing extinction coefficient values for each component at said first and other wavelengtiis determined in 
con-esponding body parts; 
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(f) deriving an equation for the absorption at each wavelength as a sum of the relative absorptions of each 
component at that wavelength plus scatter, thereby providing a matrix of equations which may be solved for the 
concentration of each component; 

(g) determining the apparent effective pathlength in said body part by dividing the absorption of the water by 
the product of the known extinction coefficient for water times the known concentration of water; and 

(h) based on the apparent effective pathlength determined for the body part, and using the extinction coeffi- 
dent values for each dilute component at said first, and other wavelengths, and the measured absorbed and/or 
reflected radiation at said wavelengths, determining the relative amount of the dilute component to the amount 
of the reference component, as the concentration of the dilute component in the body part, by dividing the 
absorption/reflection of each component by the pathlength times the extinction coefficient for that conponent. 

2. A method according to claim 1. wherein said determination of step (g) is effected by establishing simultaneous 
modified Beer-Lambert equations for each of said absorption/scattering measurement steps, and solving said 
equations for the concentrations of said cfilute component or components and sakj reference component in the 
body part 

3. A method according to claim 1 , wherein a second dilute conponent of unknown concentration is contained in the 
body part, and wherein electromagnetic radiation of a fourth wavelength in said selected spectral region is directed 
at tile body part at which said second dilute component exhibits an absorption for tiie electromagnetic radiation, 
and the fourth wavelength radiation ti^nsmitted and/or rejected by tfie body part is measured and employed to 
determine the relative amount of the second dilute component to the amount of the reference component. 

4. A method according to claim 1. wherein the body part effects scattering of said electromagnetic radiation to an 
extent which is of sloped linear relationship to wavelengtti, and wherein the transmitted and/or reflected radiation 
is measured at an additional two wavelengths. 

5. A method according to claim 1 , wherein ttie body part effects wavelengtti scattering of said electromagnetic radia- 
tion which is a non-linear function of wavelength, and wherein tiie transmitted and/or reflected radiation is meas- 
ured at an additional at least three wavelengths. 

6. A mettiod according to daim 1 , wherein the body part is selected from the group consisting of corporeal tissue and 
corporeal organs. 

7. A mettiod according to daim 1 , wherein the dilute component is selected from the group consisting of tissue com^ 
ponents and t^ood-borne species. 

8. A method according to claim 1 , wherein said at least first dilute conponent is selected from ttie group consisting of 
enzymes, metabolites, substrates, waste products and poisons. 

9. A mettiod according to claim 1 , wherein said at least first dilute conponent Is selected from ttie group consisting of 
glucose, hemoglobin, oxyhemoglobin and cytochrome a^. 

10. A method according to daim 1 , wherein a first dilute component and reference component exhibit absorption for 
the electromagnetic radiation in said selected spectral region and a.second dilute component does not exhibit 
absorption for the electromagnetic radiation in said spectral region, and wherein the first and second dilute compo- 
nents exhibit absorption for electromagnetic radiation in a secorid spectral region closely proximate to said selected 
spectral region and in which the reference component does not exhibit absorption for ttie electromagnetic radiation, 
conprising determining the relative amount of the first dilute conponent to the amount of tiie reference conponent 
in said selected spectral region as ttie concentration of the first dilute component in the body part, and utilizing the 
first dilute conponent whose concentration is thus determined, as a reference component for the second dilute 
component in said second spectral region. 

11. A method according to daim 1 , wherein said electromagnetic radiation is-infrared radiation having a wavelength in 
the range of from about 700 to about 1200 nanometres. 

1 2.. A method according to claim 1 . wherein subsequent to determination of the concentration of the dilute conponent 
in the body part, the body part is monitored.for changes in said concentration: 
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1 3. A method according to claim 1 . wherein subsequent to determination of the concentration of each of the dilute com- 
ponents and water in the body part, the body part is monitored to determine changes in said concentrations. 

14. A spectrophotomelric method of quantitatively determining the concentration of at least a first dilute component in 
a body part containing the dilute component or components of known identity but of unknown concentration, com- 
prising: 

(a) utilizing water as a reference component of known concentration; 

(b) directing at said body part incident electromagnetic radiation of a first wavelength of the near infrared range 
in a selected spectral region at which water exhibits absorption for the electromagnetic radiation; 

(c) measuring the first wavelength radiation transmitted and/or reflected by the body part; 

(d) directing at the body part incident electromagnetic radiation of at least one other wavelength in the selected 
spectral region at which the dilute component or components exhibit absorption of different relative intensities 
than for the first wavelength incident radiation, wherein the number of wavelengths of incident radiation used is 
at least one more tfian the number of reference and dilute components; 

(e) measuring the other wavelengths of radiation transmitted and/or reflected by the body part; 

(f) utilizing extinction coefficient values for each component at said first and ottier wavelengtfis in correspond- 
ing body parts; 

(g) deriving an equation for the absorption at each wavelength as a sum of the relative absorption of each com- 
ponent at ttiat wavelength plus scatter, thereby providing a matrix of equations which may be solved for the 
concertration of each component; 

(h) measuring the amount of water in an analogous model body part; and 

p) determining ttie amount of each dilute component relative the amount of water by dividing tiie amount of 
each component by tiie amount of water. 

15. Apparatus for spectrophotometrically quantitatively determining the concentration of at least a first dilute compo- 
nent in a body part containing the dilute component or conrponenls of known identity but of unknown concertration. 
comprising: 

(a) means (14) for producing electromagnetic radiation of known wavelengtiis in the near infrared range and 
directing sakJ radiation into the body part to be characterized for tiie dilute component or components; 

(b) means (16) for detecting electromagnetic radiation emanating from and/or reflected from tiie body part and 
producing tiierefrom an electrical signal corresponding thereto; 

-(c) means (32) for receiving said electrical signal and producing therefrom electrical signals corresponding to 
said different wavelengths; 

(d) a computation module (34) for receiving said electrical signals corresponding to said different wavelengths, 
establishing absorption equations responsive to said electrical signals corresponding to said different wave- 
lengttis. wherein absorption at each of the wavelengths is expressed as a function of the relative intensities.of 
tiie absorption cortributions of the dilute component or components and water, and the concertrations of the 
dilute component or components and water, and calculating the amounts of the dilute component or conpo- 
nents and water by solution of said absorption equations, each of said equations being defined as a sum of the 
relative absorption of each dilute component or water at the particular wavelengtii plus scatter; and . 

(e) means for displaying the calculated concentrations of* said dilute, component or components and. water; 
wherein said apparatus is.conf igured for 

(g) determining tiie apparent effective pathlength in said body part by dividing the absorption of the water by 
tiie product of ttie known extinction coefficient for water times the known concentration of water; and 
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(h) based on the apparent effective pathlength determined for the body part, and using the extinction coeffi- 
cient values for each dilute component at said first, and other wavelengths, and the measured absorbed and/or 
reflected radiation at said wavelengths, detennining the relative amount of the dilute component to the amount 
of the reference component as the concentration of the dilute component in the body part, by dividing the 
absorption/reflection of each component by the pathlength times the extinction coefficient for that component. 

Patentanspruche 

1. Spektrophotometrisches Verfahren zur quantitativen Bestimmung der Konzentration mindestens einer ersten ver- 
dOnrrten Kbmponente in einem KOrperteil, das die verdunnte Kbmponente oder Kbmponenten mil bekannter Iden- 
titat. jedoch unbekannter Konzentration enthait. mit folgenden Verfahrensschritten: 

(a) Verwenden von Wasser als eine Bezugskomponente der bekannten Konzentration. Bestrahten des KOrper- 
teils mit einer elektromagnetischen Strahlung mit einer ersten Weileniange im nahen Infrarotbereich in einem 
ausgewahlten Spektralbereich. bei dem Wasser eine Absorption der elektromagnetischen Strahlung zeigt 

(b) Messen der Strahlung mit der ersten Wellenldnge, die von dem KOrperteil abgegeben und/oder reflektiert 
wird, 

(c) Bestrahlen des Korperteiis mit einer elektromagnetischen Strahlung mit mindestens einer anderer Wellen- 
ISnge in dem ausgewShlten Spektralbereich, bei der die verdunnte Komponente Oder die Komponten eine 
Absorption mit einer unterschiedlichen relativen Intensitat oder Intensitaten gegenuber der einfallenden Strah- 
lung mit der ersten WellentSnge zeigt/zeigen, wobei die Anzahl der Weileniangen der verwendeten einfallen- 
den Strahlung urn mindestens den Wert 1 grSBer ist als die Anzahl von Bezugs- und verdunnten 
Komponenten. 

(d) Messen der anderen WellenlSngen der von dem KGrperteil abgegebenen und/oder ref lektierten Strahlung, 

(e) Venwenden der Werte der Ldschungskoeffizienten fur jede Kbmponente bei der ersten und anderen Wei- 
lenlSngen, die in entsprechenden K6rperteilen bestlmmt wurden. 

(f) AWeiten einer Gleichung fur die Absorption bei jeder WeilenlSnge als Summe der relativen Absorptionen 
jeder Kbmponente bei der Welleniange plus einer Streuung. wodurch eine Matrix von Gleichungen geschaffen 
wird, (fie nach der Konzentration fur jede Komponente aufgelOst werden konnen, 

(g) Bestimmen der scheinbaren effektiven Wegiange in dem KGrperteil durch DIvidieren der Absorption des 
Wassers durch das Produkt aus dem bekannten Ldschungskoeffizienten fQr Wasser mal der bekannten Kon- 
zentration des Wassers, und 

(h) Bestimmen der relativen Menge der verdOnnten Kbmponente zu der Menge der Bezugskonponente als 
Konzentration der verdOnnten Kbmponente in dem KOrperteil auf der Bads der scheinbaren effektiven, fOr den 
KOrperteil bestimmten Wegiange sowie unter Verwendung der Werte der Lflschungskoeff izienten fur jede ver- 
dOnnte Kbmponente bei der ersten und anderen WellenlSngen und der gemessenen absorbierten und/oder 
reflektierten Strahlung bei den Wellenlfingen. durch Dividieren der /Vbsorption/Reflektion von jeder Kompo- 
nente durch die Wegiange mal dem LOschungskoeffizienten fQr diese Komponente. 

2. Verfahren nach Anspruch 1 , bei dem die Bestimmung von Schritt (g) durch Auf stellen von gleichzeitig modif izierten 
Bear-Lambert-Gleichungen fQr jeden der Absorptions/Streuungs-MeBschritte bewirkt wird. sowie AuflOsen der 
Gleichungen nach den Konzentrationen der verdunnten Kbmponente oder der Kbmponenten und der Bezugskom- 
ponente in dem KOrperteil. 

3. Verfahren nach Anspruch 1 , bei dem eine zweite verdQnnte Komponente mit unbekannter Konzentration in dem 
KOrperteil vorhanden ist und die elektromagnetische Strahlung mit einer vierten Welleniange in dem ausgewShlten 
Spektralbereich auf den KOrperteil gerichtet wird, bei der die zweite verdQnnte Komponente eine Absorption der 
elektromagnetischen Strahlung zeigt, und die von dem KOrperteil abgegebene und/oder reflektierte Strahlung.mit 
der vierten Welleniange gemessen und zur Bestimmung der relativen Menge der zweiten verdOnnten Kbmponente 
im Verhaitnis zu der Menge der Bezugskomponente venwendet wird. 

4. Verfahren- nach An^ruch 1, bei-dem der KOrperteil eine Streuung der elektromagnetischen Strahlung in einem 
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AusmaB bewirkl. das eine abtallende lineare Beziehung zu der Welleniange aufwelst. und bei dem die abgegebene 
und/oder reflektierte Strahlung bei zwei zusdtzlichen Welleniangen gemessen wird. 

5. Verfahren nach Anspruch 1 , bei dem der KOrperteil eine Streuung der WellenlSnge der elektromagnetischen Strah- 
lung bewirkt, die eine nichtlineare Funktion der Welieniange ist und bei dem die abgegebene und/oder reflektierte 
Strahlung bei mindestens drei zusdtzlichen Welleniangen gemessen wird. 

6. Verfahren nach Anspruch 1, bei dem der Kdrperteil aus einer Gruppe ausgewdhit wird. die aus KOrpergeweben 
und Karperorganen besteht. 

7. Verfahren nach Anspruch 1 , bei dem die verdQnnte Komponente aus einer Gruppe ausgewahit wird, die aus Gewe- 
bekomponenten und Arten besteht die aus Blut entstanden sind. 

8. Verfahren nach Anspruch 1 . bei dem zumindest die erste verdunnte Komponente aus einer Gruppe ausgewdhit 
wird, die aus Enzymen, Metaboliten, Substraten, Abialtprodukten und Giften besteht. 

9. Verfahren nach Anspruch 1, bei dem zumindest die erste verdQnnte Kdnponente aus einer Gruppe ausgew&hit 
wird, die aus Glukose, Hdmoglobin, Oxihdmoglobin und Cytochrom a.a3 besteht 

10. Verfahren nach Anspruch 1, bei dem eine erste verdunnte Komponente und eine Bezugskomponente eine Absorp- 
tion der elektromagnetischen Strahlung in dem ausgewShlten Spektralbereich zeigen, und bei dem eine zweite ver- 
dunnte Komponente keine Absorption der elektromagnetischen Strahlung in dem Spektralbereich zeigt, und bei 
dem die erste und zweite verdunnte Komponente eine Absorption der elektromagnetischen Strahlung in einem 
zweiten Spektralbereich zeigen, der in unmitteibarer Ndhe zu dem ausgewahlten Spektralbereich liegt und in dem 
die Bezugskomponente keine Absorption der elektromagnetischen Strahlung zeigt, mit einer Bestimmung der rela- 
tiven Menge der ersten verdunnten Komponente zu der Menge der Bezugskomponente in dem ausgewShlten 
Spektralbereich ais Konzentration der ersten verdunnten Komponente in dem Kdrperteil, sowie einer Venwendung 
der ersten verdunnten Komponente, deren Konzentration auf diese Weise bestimmt wird. als Bezugskomponente 
fur die zweite verdunnte Komponente in dem zweiten Spektralbereich. 

1 1 . Verlahren nach Anspruch 1 . bei dem die elektomagnetische Strahlung eine inf rarotstrahlung mit einer Wellenldnge 
in einem Bereich von etwa 700 bis etwa 1.200 Nanometer ist. 

12. Verfahren nach Anspruch 1. bei dem nachfolgend zu der Bestimmung der Konzentration der verdOnnten Kompo- 
nente in dem KOrperteil der Kdrperteil auf Andemngen der Konzentration Qbenivacht wird. 

13. Verfahren nach Anspruch 1 , bei dem nachfolgend zu der Bestimmung der Konzentration jeder verdunnten Kompo- 
nente und des Wassers in dem Kfirperteil der Kdrperteil ubenwacht wird, urn Anderungen der Konzentrationen zu 
b^timmen. 

14. Spektrophotometrisches Verfahren zur quantitativen Bestimmung der Konzentration von zumindest einer ersten 
verdOnnten Kbrnponente in einem KOrperteil mit der verdOnnten Komponente oder Kbmponenten mit bekannter 
Identitat, jedoch unbekannter Konzentration, mitfolgenden Verfahrensschritten: 

(a) Venwenden von Wasser als Bezugskomponente der bekannten Konzentration, 

(b) Bestrahlen des KOrperteils mit einer elektromagnetischen Strahlung einer ersten Welleniange des nahen 
Infrarotbereiches in einem ausgewfihlten Spektralbereich. bei dem Wasser eine Absorption fOr die elektroma- 
gnetische Strahlung zeigt 

(c) Messen der Strahlung der ersten Welleniange. die von dem Kdrperteil ausgeht und/oder ref lektiert wird. 

(d) Bestrahlen des Kdrperteils mit einer elektromagnetischen Strahlung mit mindestens einer anderen Wellen- 
iange in dem ausgewahlten Spektralbereich, bei der die verdunnte Komponente oder die Konponenten eine 
Absorption von unterschiedlichen relativen Intensitaten im Verglerch zu.der der einfallenden Strahlung der 
ersten Welleniange zeigen; wobei die Anzahl von Weltenldngen der venwendeten einfallenden Strahlung um- 
mindestens den Wert l grdBer ist; ais die Anzahl von Bezugsr und verdOnnten Komponenten. 

(e) Messen der anderen Welleniangen der Strahlung, die von dem Kdrperteil ausgeht und/oder reffektiert wird, 
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(f) Verwenden der Werte der LSschungskoeff izienten fur jede Kbmponente bei der ersten und anderen Wellen- 
Idngen in entsprechenden KOrperteilen, 

(g) Ableiten einer Gleichung fur die Absorption bei jeder Welleniange als Summe der relativen Absorption jeder 
Kbmponenten bei der Weileniange plus einer Streuung, wodurch eine Matrix von Qetchungen geschaften 
wird. die nach der Konzentration jeder Komponente aufgelOst werden kOnnen, 

(h) Messen der Menge des Wassern In einem analogen KOrperteilmodel, 

(i) Bestimmen der Menge jeder verdunnten Jtomponente relativ zu der Menge von Wasser durch DIvidieren der 
Menge jeder Komponente durch die Menge des Wassers. 

15. Vorrichtung zur spektrophotometrischen quantitativen Bestimmung der Kbnzentration von mindestens einer ersten 
verdunnten Komponente in einem KOrperteii, der die verdunnte Kbmponente Oder Kbmponenten mit bekannter 
Identitat. jedoch unbekannter Konzentratlon enthdit mit: 

(a) Bnrichtungen (14) zum Erzeugen einer eleklromagnetischen Strahlung mit bekannten WellenlSngen in 
dam nahen Infrarotbereich, sowie Richten der Strahlung in das im Hinbiick auf die verdQnnte Kbmponente Oder 

. die Kbmponenten zu charakterisierende K6rperteil. 

(b) Einrichtungen (16) zur Detektion elektromagnetischer Strahlung, die von dem Kfirperteil ausgeht und/oder 
von diesem reflektiert wird, sowie zur Erzeugung eines damit kcn-respondierenden eiektrischen Signals. 

(c) anrichtungen (32) zum Empfang des eiektrischen Signals und zum Erzeugen von eiektrischen Signaien 
daraus, die den verschiedenen Welleniangen entsprechen, 

(d) einem Berechnungsmodul (34) zur Aufnahme der eiektrischen Signale, die den verschiedenen Wellenian- 
gen entsprechen. sowie zum Aufstellen von Absorptionsgleichungen. die von den eiektrischen Signaien 
abhdngig sind, die den verschiedenen Wellenldngen entsprechen, wobei die Absorption bei jeder Welleniange 
als Funktlon der relativen Intensitdten der Absorptionsverteilungen der verdOnnten Kbmponente oder Kbmpo- 
nenten und Wasser, sowie den Konzentrationen der verdQnnten Kbmponente Oder Kbmponenten und Wasser 
ausgedrOckt und die Mengen der verdQnnten Kbmponente oder Kbmponenten und Wasser durch Auf lOsen der 
Absorptionsgleichungen berechnet wird, wobei jede dieser Gleichungen als eine Summe der relativen Absorp- 
tion jeder verdunnten Komponente oder Wasser bei der betreffenden Welleniange plus einer Streuung defi- 
ntert ist und 

(e) Einrichtungen zur Anzeige der berechneten Konzentrationen der verdQnnten Kbmponente oder Kbmponen- 
ten und Wasser. wobei die Vorrichtung so konfiguriert ist. da6 

(g) die scheinbare wirksame WeglAnge in dem Kflrperteil durch Dividieren der Absorption des Wassers durch 
das Produkt aus den bekannten Ldschungskoefflzienten fQr Wasser mai der bekannten Kbnzentration von 
Wasser bestimmt wird und 

(h) die relative Menge der verdunnten Komponente zu der Menge der Bezugskomponente als Konzentratlon 
der verdunnten Komponente in dem Kdrperteil auf der Basis der scheinbaren wirksamen. fQr den KOrperteil 
bestimmten Wegidnge und unter Venvendung der Werte der LOschungskoeffizienten fQr jede verdQnnte Kom- 
ponente bei der ersten und anderen Wellenldngen und der gemessenen absorbierten und/oder refiektierten 
Strahlung bei diesen Wellenidngen durch Dividieren der Absorption/Refiektion jeder Kbmponente durch die 
Wegidnge mal dem Ldschungskoeffizlenten fQr diese Kbmponente bestimmt wird. 

Revendications 

1 . Un proc6d6 spectrophotometrique pour la d6termination quantitative de la concentration d'au moins un premier 
constituant dilu^ dans une partie du corps contenant le ou les constltuant(s) dilu6(s) d'une identlt6 connue mais de 
concentration Inconnue. ce procdd6 consistant : 

a) ci utiliser Teau comme constituant de r6f6rence^.concentration connue, a dinger sur ladite partie du corps 
un rayonnement 6lectromagn6tique incident ayant une premiere longueur d'onde Tintervalle infrarouge proche 
dans une region spectrale s6lectionn66,^ laquelle reau.pr6sente une absorption du rayonnement 6Iectroma- 
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gn^tique ; 

b) k mesurer te rayonnement ayant la premifere longueur cf onde transmis el/ ou refl6chi par ia partie du corps ; 

c) k diriger sur (a partie du corps un rayonnement 61ectromagn6tique incident ayant au moins une autre lon- 
gueur d'onde dans la r6gion spectrale s6Iectionn6e, k laquelle le ou les constituant(s) dilu6(s) pr6sente(nt) une 
absorption d'lntensit6(s) relative(s) diff6rente(s) de celle du rayonnement incident ayant la premiere longueur 
d'onde. le nombre de longueurs d'onde du rayonnement incident utilise 6tant supSrieur d'au moins un au nom- 
bre de oonstituants, de rdf^rence et dilu6 ; 

d) k mesurer les autres longueurs d'onde du rayonnement transmis et / ou r6f I6chi par la partie du corps ; 

e) k utiliser les valeurs des coefficients d'extinction pour chaque constituant auxdites premiere et autres lon- 
gueurs d'onde d^ermin^es dans les parties con-espondantes du corps ; 

f) d en d^uire una ^uation pour Tabsorpiion k chaque longueur d^onde, 6valu6e comme la somme des 
absorptions relatives de chaque constituant k cette longueur d'onde, augments de la dispersion, pour obtenir 
ainsi une matriced'6quations qui peuvent §tre rfesolues pour la concentration de chaque constituant ; 

g) k determiner la longueur de trajet effectif apparente dans cette partie du corps en divisant I'absorption de 
Teau par le produit du coefficient d'extinction oonnu pour I'eau multipli6 par la concentration connue de I'eau ; et 

h) en se basant sur la longueur apparente de trajet effectif d^termin^e pour la partie du corps, et en utilisant 
les valeurs des coefficients d'extinction pour chaque constituant dilud auxdites premiere et autres longueurs 
d'onde. et la mesure des rayonnements absorb6s et / ou r6fl6chis auxdites longueurs d'onde. k determiner ia 
quantity relative du constituant dilu6 par rapport k la quantity du constituant de reference, en tant que concen- 
tration du constituant dilu6 dans la partie du corps, en divisant Tabsorption / reflexion de chaque constituant 
par le produit de la longueur de trajet multiplide par le coefficient d'ectinction de ce constituant 

2. Proc6d6 selon la revendication 1, dans lequel ladite determination k l*6tape (g) est effectu6e en 6tablissant les 
equations de Beer-Lambert modifiees simultanees pour chacune des etapes de mesure d'absorption / dispersion 
et en r^solvant ces equations pour les concentrations dudit ou desdits constituant(s) dilue(s) et dudit constituant de 
reference dans la partie du corps. 

3. Precede selon la revendication 1 , dans lequel un second constituant dilu6 de concentration inconnue est contenu 
dans la partie du corps, et dans lequel un rayonnement eiectromagn6tique ayant une quatrieme longueur d'onde 
dans ladite region spectrale s6lectionnee est dirige sur la partie du corps dans laqueiie I edit second constituant 
dilue presente une absorption pour le rayonnement eiectromagnetique, et le rayonnement ayant la quatrieme lon- 
gueur d'onde transmis et / ou ret lechi par la partie du corps est mesure et employe pour determiner la quantite rela- 
tive du second constituant dilue par rapport k la quantite du constituant de reference. 

4. Precede selon la revendication 1 , dans lequel la partie du corps affecte la dispersion dudit rayonnement eiectro- 
magnetique k raison d'une relation lineaire oblique par rapport k la longueur d'onde, et dans lequel le rayonnement 
transmis et / ou ref lechi est mesure k deux longueurs d'onde additionnelles. 

5. Proc6de selon la revendication 1, dans lequel la partie du corps affecte ia dispersion dudit rayonnement eiectro- 
magnetique k raison d'une fonction non-lineaire par rapports ia longueur d'onde et dans lequel le rayonnement 
transmis et / ou refiechi est mesure k au moins trois tongeurs d'onde additionnelles. 

6. Procede selon la revendication 1 , dans lequel la partie du corps est seiectionnee dans le groupe-constitue par le 
tissu corporel et les brganes oorporels. 

7. Procede seion la revendication 1 , dans lequel le constituant dilue est seiectionne dans le groupe constitue par les 
constituants des tissus et les especes vehicuiees par le sang. 

8. Precede selon la revendication 1 , dans lequel ledit premier constituant dilue est seiectionne dans le groupe cons- 
titue par les enzymes, les.metabolites; les substrats.* les dechetsret les poisons:. 

9. Precede selon ia revendication 1 , dans lequel ledit premier constituant ditue est seiectionne dans te groupe consr 
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titu6 par le glucose. rh6moglc3bine. roxyh6moglobine et te cytochrome a. as- 

10. Proc6d6 seion la revendication 1, dans lequel un premier constituant dilu6 et un constituant de r6f§rence presen- 
tent une absorption pour ie rayonnement 6!ectromagn6tique dans ladite region spectrale s6lectionn6e et un 
second constituant dilu6 ne presente pas d'absorption pour le rayonnement ^lectromagn^ique dans ladite region 
spectrale, et dans lequel ie premier et le second constituants dilu6s pr6sentent une absorption pour te rayonne- 
ment 6lectromagnetique dans une seconde region spectrale 6troitement voisine de ladite r6gion spectrale s6lec- 
tionn§e, et dans laquelle le constituant de r6f6rence ne pr6sente pas d'absorption pour le rayonnement 
6lectromagn6tique. le proc6d6 consistant k d6terminer la quantit6 relative du premier constituant dilue par rapport 
k la quantity du constituant de r§f6rence dans ladite region spectrale selectionnee, comme etant la concentration 
du premier constituant dilu6 dans la partie du corps, et k utiliser le premier constituant dilu6 dont la concentration 
est ainsi d6termin6e comme constituant de r^^ence pour ie second constituant dilui dans ladite seconde r^ion 
spectrale. 

11. Proc6d6selon la revendication 1 dans lequel ledit rayonnement electromagn6tique est un rayonnement infrarouge 
ayant une longueur d'onde dans I'intervalle d'environ 700 k environ 1200 nanometres. 

12. Proc6d6 selon la revendication 1. dans lequel. post6rieurement k la d6ternrwnalion de la concentration du consti- 
tuant diiu6 dans la partie du corps, la partie du corps est soumise k un monitoring pour les changements de cette 

concentration. 

13. Proc6d6 selon la revendication 1, dans lequel. post§rieurement k la determination de la concentration de chacun 
des constituants dilu6s et de Teau dans la partie du corps, la partie du corps est soumise k un monitoring pour 
determiner les changements de ces concentrations. 

14. Un proc^dd spectrophotom6trique pour la d6temiination quantitative de la concentration d'au moins un premier 
constituant dllu^ dans une partie du corps contenant le ou les constituant(s) dilu6(s) d'identit6 connue mais de con- 
centration inconnue, ce procSde consistant : 

a) k utiliser I'eau comme constituant de reference de concentration oonnue ; 

b) k diriger sur ladite partie du corps un rayonnement eiectromagnetique incident ayant une premiere longueur 
d'onde dans i'inten^alle infrarouge proche dans une region spectrale selectionnee k laquelle I'eau presente une 
absorption pour ie rayonnement eiectromagnetique : 

c) a mesurer la radiation ayant la premiere longueur d'onde transmise et / ou refl6chie par la partie du corps ; 

d) k diriger sur la partie du corps un rayonnement eiectromagnetique incident ayant au moins une autre lon- 
gueur d'onde dans la region spectrale selectionnee k laquelle le ou les constituant(s) dilue(s) presente(nt) une 
absorption d'intensite differente de celle du rayonnement incident ayant la premiere longueur d'onde, le nom- 
bre de longueurs d'onde du rayonnement Incident utilise etant superieur d'au moins un au nombre de consti- 
tuents dilues et de reference ; 

e) k mesurer les autres longueurs d'onde du rayonnement transmis et / ou refiechi par la partie du corps ; 

f) k utiliser les valeurs des coefficients d'extinction de chaque constituant auxdites premiere et autres lon- 
gueurs d'onde dans les parties du corps correspondantes ; 

g) k en deduire une equation pour I'absorption k chaque longueur d'onde. evaluee comme la somme des 
absorptions relatives de chaque constituant k cette longueur d'onde, augmentee de la dispersion, pour obtenir 
ainsi une matrice d'equations qui peuvent &tre resotues pour la concentration de chaque constituant ; 

h) a mesurer la quantite d'eau dans un modeie analogue a la partie du corps ; et 

i) k determiner la quantite de chaque constituant dilue par rapport k la quantite d'eau. en divisant la quantite 
de chaque constituant par ia quantite d'eau. 

is:. Appareillage pour ia determination spertrophotometrique quantitative de la concentration d'au moins un premier 
constituant dilue dans une partie:du corps contenant le (ou.les) constituant(s) dilue(s) d'identite connue mais de 
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concentration inconnue, cet appareillage comprenant : 

a) des moyens (14) pour produire un rayonnement §lectromagn6tique de longueurs d'onde connues dans 
I'intervalle infrarouge proche et pour dinger ce rayonnement dans la partie du corps dans laquelle ledit ou les- 
dits constjtuarit(s) doit, ou doivent Stre caract^risds ; 

b) des moyens (1 6) pour d6tecter le rayonnement 6lectromagn6tique 6mananl du. et / ou r6fl6chi par la partie 
du corps et pour en produire un signal electrique qui lui con-espond ; 

c) des moyens (32) pour recevoir ce signal Electrique et pour en produire des signaux Electriques con-espon- 
dant aux diff^rentes longueurs d'onde ; 

d) un module de calcul (34) pour recevoir lesdits signaux 6lectriques correspondant auxdites diff6rentes lon- 
gueurs d'onde, pour 6tablir les Equations d'absorption en rEponse auxdits signaux Electriques coaespondant 
auxdites diffErentes longueurs d'onde. f'absorption k chacune des longueurs d'onde 6tant exprimEe sous 
forme d'une fonction des intensitEs relatives des contributions k I'absorption du (ou des) constituant(s) dilu6(s) 
et de t'eau et des concentrations du (ou des) constituant(s) cEluEs et de I'eau et des concentrations du (ou des) 
constituant(s) diluE(s) et de I'eau, et pour calculer les quantitEs du (ou des) constituant(s) diluE(s) et de I'eau 
par resolution desdites Equations d'absorption, chacune desdites Equations Etant dEf inie comme reprEsentant 
la somme de Tabsorption relative de cheque constituant diiuE ou de I'eau k la longueur d'onde considErEe, 
augmentEe de la dispersion ; et 

e) des moyens pour afficher les concentrations calculEes dudit (ou desdits) constituant(s) diIuE(s) et de I'eau. 
ledit appareillage Etant configurE pour : 

g) dEterminer la longueur apparente de trajet effectif dans ladite partie du corps, par division ou I'absorption 
de I'eau par ie produit du coefficient d'extinction connu de I'eau multipllE par la concentration connue de I'eau 
:et 

h) en se basant sur la longueur apparente de trajet effectif dEterminEe pour la partie du corps, et en utilisant 
les valeurs du coefficient d'extinction pour cheque constituant diluE auxdites premiEre et autres longueurs 
d'onde, et la mesure des rayonnements absorbEs et / ou rEflEchis auxdites longueurs d'onde. dEterminer la 
quantitE relative du constituant diluE par rapport k la quantitE du constituant de rEfErence. en tant que concen- 
tration du constituant diluE dans la partie du corps, en divisant I'absorption / rEflexion de cheque constituant 
par la longueur du trajet multipllEe par le coefficient d'extinction pour ce constituant. 
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